cause slope failures and to establish countermeasures against expanding or subsequent landslides.
In the study area presented in this paper, it was difficult to observe any signs of landslides, for instance, tension cracks, during the design and preparation of construction phases due to dense bushes and trees on the surface of the natural slope. However, evidence of ground deformation such as tension cracks and scarps caused by historical landslides were observed during clearing and grubbing work. Subsequently, another large-scale tension cracks of 90 m in length were observed across the slope during reduction of slope gradient (1:1.3) to remove the existing tension cracks. As a result, detailed geotechnical investigations such as surface geological survey, electric resistivity survey, boring survey, borehole image processing system (hereinafter referred to as 'BIPS'), seismic tomography, in-situ and laboratory tests were performed.
In this paper, geological features of the study area, status of the landslides, results of investigations and analysis to clarify causes of the landslides are presented, including proposed countermeasures against potential slope failures.
Overview of geological features
The study area is located in Bukcheon-myeon, Hadong-gun, Gyeongsangnam-do, Korea. According to the regional geological data [2] , the bedrock of the study area mainly consists of age-unknown gneisses and igneous rocks (anorthosite, diorite), Jurassic sedimentary rocks and Cretaceous igneous rocks (syenite, granodiorite, quartz porphyry, dykes). And alluvial deposits of Quaternary Period are unconformably overlaying them. According to the detailed geological data, the study area including the slope at the tunnel portal is composed of sedimentary rock formation, named Wonji Formation, and anorthosite. The upper part of the slope consists of sedimentary rocks such as conglomerate, sandstone and shale. The lower part of the slope consists of an altered and weathered zone in anorthosite. Especially, there exists a geologic boundary, forming an unconformity between conglomerate and anorthosite. Joints and a fracture zone in conglomerate and clayey layers by alteration and weathering in anorthosite are assumed to be caused by high stress due to an intrusion of quartz porphyry. The geological map of the study area and the schematic diagram of the stratification are shown in Figs. 1 and 2 .
Status of the landslides
The cut slope in the study area is located adjacent to the portal of the Cut & Cover and NATM (New Austrian Tunneling Method) tunnel. It is a large-scale rock slope containing colluvial and weathered soils in the upper part. The dimension of the slope is 85 m in length and 41 m in height. In the original design, reduction of slope gradient to 1:0.7 -1.0 with reinforcement by soil nailing were applied.
In October 2009, while clearing and grubbing work prior to the construction of the slope at the tunnel portal, tension cracks of 40 m in length and 3 -4 m in depth were discovered in the upper part of the slope. And several tension cracks caused by movement of rock blocks were found in the lower right-hand side of the slope. Also, protruding rocks, vertical offset and scarps in the natural slope were observed. In spite of additional reduction of slope gradient (1:1.3) to stabilize the slope and to remove the existing tension cracks, subsequent large-scale tension cracks (Width: 0.1 -0.5 m, Depth: 2 -7 m) which stretches about 80 m in length across the slope surface occurred in October 2010. Based on this circumstance, it was estimated that the actual depth of the crack would be much deeper and closer to the lower part of the slope. In addition to the large-scale tension cracks, several other tension cracks (Width: 0.1 -0.4 m, Depth: 1 -3 m) occurred, intersecting the existing tension cracks. Following this, the ground deformation including the additional tension cracks (approximately 10 m in length) and the vertical offset by the extension of main tension cracks (Length: 80 m) were discovered. The status of the slope before and during the excavation are presented in Figs. 3 and 4 . The analysis map of the landslides is shown in Fig. 5 .
Analysis on causes of landslides through geotechnical investigations

Geotechnical investigations for cause analysis
The detailed geotechnical investigations such as surface geological survey, electric resistivity survey, boring survey, BIPS, seismic tomography, in-situ and laboratory tests were performed three times in order to gather information on features of strata, lithology, geological structures and engineering properties of rocks. Various types of geotechnical investigations for the study area and its surrounding were conducted including three times of surface geological surveys, 24 survey lines of electric resistivity survey, 21 holes of boring survey, three times of BIPS, a seismic tomography, etc. The results of [3] were used for analysis on causes of the landslides and the selection of countermeasures. The locations and the types of the geotechnical investigations applied for the study area are presented in Fig. 6 . And the results of the geotechnical investigations are described in the following sections. 
Surface geological survey
The study area is composed of sedimentary rocks, named Wonji Formation, and anorthosite. There were various types of discontinuities such as joints, bedding planes and fault zones in the sedimentary rocks. These discontinuities allowed inflow of groundwater which resulted in rapid weathering of the rocks. And weathering and 
Electric resistivity survey
An Electric resistivity survey was carried out to examine the distribution of weakness zones. The survey was performed on 24 survey lines with grid pattern. As shown in 
Boring survey
The strata of this study area consist of colluvial soil, weathered soil, weathered rock, soft rock and hard rock in order from top to bottom. Colluvium with the thickness of approximately 12 m is composed of sand, gravel and boulder. Relative densities of these layers are considered as loose with the SPT (Standard Penetration Test)-N values ranging between 4 and 7. It can be inferred that the study area has historical records of landslides on the grounds of thickly deposited colluvium. The sedimentary rocks primarily consist of conglomerate and shale filled with clayey materials with many discontinuities driven by joints, bedding planes and faults. Discoloration of joint surfaces as a result of continuous weathering process was observed.
During the boring survey, there were several sections where rock cores had not collected. It indicates that there exists fracture or weathered zones formed by highly weathering or tectonic process. Anorthosite is distributed in the lower part of the sedimentary strata. There is a partially fractured zone near the lithologic boundary between the sedimentary rocks and anorthosite. And a number of clayey layers and hydrothermal alteration zones interbedded each other are spread around the boundary. The clayey layers formed by alteration and weathering with the average thickness of 1 -2 m exists, slanting 10 -15° upward. Anorthosite which showed a good rock quality was distributed in the lower part of the weakness zone. It is found that the fracture zone, the clayey layers and the hydrothermal alteration zone of anorthosite might adversely affect the slope stability. Boring cores showing the lithologic boundary are presented in Fig. 9 . 
BIPS (Borehole image processing system)
The BIPS was applied to the TB-2(1st), TB-4(1st), TB-1(2nd), TB-2(2nd) and NTB-3(3rd) to determine types of rocks and dominant trends of discontinuities. As a result of the BIPS, it is found that the slope primarily consists of highly weathered and fractured rocks. The dominant dip varies from 10 to 70 degrees, and the dominant space ranges from 60 to 600 mm. In the case of TB-2(2nd), the dominant dip is mainly presented around 30 -40°, and the joint space appears mainly in a range of 200 -600 mm. During boring for the BIPS, boreholes are collapsed and washed away in the fracture zone developed around the lithologic boundary between conglomerate and anorthosite. Fig. 10 represents results of the BIPS (TB-2(2nd)) showing the fracture zone and the lithologic boundary.
Analysis on causes of landslide
Analysis of tension cracks
Weakness zones such as the fracture zone, the clayey layers and the hydrothermal alteration zone of anorthosite are distributed in the ground. Tension cracks and scarps were found in the upper part of the slope. The clayey layers of anorthosite was exposed in the lower part of it, showing the horizontal continuity. According to the result of the boring survey, the fracture zone and the clayey layers caused by hydrothermal alteration and weathering were found around the lithologic boundary between the sedimentary rocks and anorthosite. Using the electric resistivity survey, it was discovered that the low resistivity zone is related to the tectonic zone and the characteristics of the strata. Through comparison with the results of the boring survey, it was verified that the weakness zone has high correlation to the low resistivity zone below 500 Ωm. Taking into consideration of the above-mentioned, it is inferred that the ground deformation occurred during the excavation as a result of reactivated landslides along the lithologic boundary.
Analysis of slip surface
The inferred slip surface is the weak clayey layers which are developed along the lithologic boundary in the lower part of the slope. The clayey layers were formed due to hydrothermal alteration and inflow of groundwater through the fracture zone, the joints and the bedding plane. A number of tension cracks and scarps were occurred in the upper part of the slope prior to the excavation. The distribution of scarps are similar to that of the low resistivity zone located 130 m away from the base point of the measurement. The clayey layers caused by alteration and weathering of anorthosite are assumed to be located in the deep-seated failure surface of the tension cracks. It is inferred that the tension cracks by landslides continuously occurred prior to and during the excavation because of increased water pressure, and deterioration of shear strength and frictional resistance along the clayey layers of anorthosite. The analysis results on the tension cracks and the inferred slip surface of the slope are shown in Fig. 11 . And the results of the geotechnical investigations and the analysis are presented in Fig. 12 .
Countermeasures for slope stabilization
Determination of geotechnical parameters
Geotechnical parameters for selection of reinforcement methods were determined through comprehensive and comparative analysis based on the laboratory test results, references, data of the original design, empirical formulas, other design cases, etc. Especially, the shear strength of the clay, which is the inferred slip surface, was determined through a reverse analysis by using the LEM (limit equilibrium method), assuming that the shear strength of the clay should be the value when the safety factor of the LEM reaches to 1.0 [4, 5] . And the shear strength estimated by the reverse analysis was compared to the results of investigations for verification. The measured groundwater level during the investigations was applied to the analysis. Geotechnical parameters of reinforced area by grouting were determined through case studies on effects of ground reinforcement grouting. The geotechnical parameters applied for the analysis are presented in Table 1 [3] . 
Review on slope reinforcement methods
According to the results of the geotechnical investigation, the study area shows a very complex terrain due to faults, an intrusion of igneous rocks, landslides in the past and hydrothermal alteration as well as poor quality rocks with well-developed discontinuities and a deep-seated slip surface. The countermeasures employed in the first revised design were reduction of active forces by decrease of the slope gradient (1:1.3) with soil nailing and removal of tension cracks as shown in Fig. 13 . However, additional large-scale tension cracks occurred during the excavation and alternative reinforcement methods were reviewed consequently. Considering the geographical conditions, civil appeals, the deep-seated slip surface and the large-scale tension cracks in the slope, permanent anchors and stabilizing piles were designed to secure sufficient shear resistance against sliding with ground reinforcement grouting for the fracture zone near the expected failure surface. Also, soil nails are installed simultaneously to secure the stability of the upper soil of the slope as presented in Table 2 [3] .
Review on slope stability analysis
The critical cross-section of the slope was selected for stability analysis of the reinforced slope, considering height of the slope, location of the slip surface, soil conditions and groundwater level based on the results of the geotechnical investigations. The LEM (limit equilibrium method) and the SRM (strength reduction method) were applied for the stability analysis of the slope under the assumption that the failure occurred along the slip surface which was inferred as the primary cause of the tension cracks. According to the result of the analysis, the stability of the reinforced slope complies with the criteria in both of dry and wet conditions. Therefore, it was concluded that the slope would be under stable condition after reinforcement. The results of the analysis are presented in Tables 3 and 4 [3] .
Conclusion
Large-scale tension cracks of the slope were developed during the excavation at the tunnel portal area where landslides had occurred in the past. And geotechnical investigations were conducted to identify causes of the landslides, and to establish countermeasures to secure the long-term stability of the slope. The major findings of this case study are as follows.
Table 2 Selection of the reinforcement methods
Cross-secƟon
Reinforceme methods
Soil Nail + permanent anchor + stabilizing pile + grouƟng + cut & cover tunnel
1. It is estimated that the lower part of the slope in the study area had been once moved by landslides in the past. Then, it is inferred that approximately 12 m-thick colluvium had been accumulated at the base of the steep slope by the action of gravity, and several tension cracks were extended and occurred in the slope. In spite of efforts to reduce the slope gradient to 1:1.3 including removal of the observed tension cracks (Length: 40 m, Depth: 3 -4 m) for stabilization of the slope, a large-scale tension cracks (Length: 90 m, Depth: above 7 m) reoccurred during the excavation. And additional tension cracks occurred in the slope by relaxation of rock masses. It is inferred that the slope in the study area has very poor rock mass characterization as landslides continuously occurred prior to and during the excavation. 2. Detailed geotechnical investigations such as surface geological survey, electric resistivity survey, boring survey, BIPS, seismic tomography, in-situ and laboratory tests were performed three times in order to obtain information on features of strata, lithology, geological structures and engineering properties of rocks. And the results of investigations and stability analysis were effectively applied for analysis on causes of the landslides and selection of the optimum countermeasures. 3. According to the results of the investigations, the study area consists of conglomerate in the upper part which is mainly fractured and highly weathered, and anorthosite in the lower part, forming an unconformity between them. There are weakness zones such as the fracture zone, the clayey layers and the hydrothermal alteration zone of anorthosite, distributed along the lithologic boundary between conglomerate and anorthosite. Especially, it is inferred that the clayey layers are formed due to highly altered hydrothermal alteration and weathering. These layers have the average thickness of 1 -2 m, slanting 10 -15° upward. As a result of hazard assessment for the reactivated landslide of the study area, it can be inferred that the deep-seated (about 15 -35 m) clayey layers are the slip surface and the trigger for the movement. Primary causes of the landslides are due to increased water pressure, decrease of shear strength and frictional resistance along the clayey layers of anorthosite. The type of the landslides is a rock slide caused by parallel movement along the planes of the weakness zones. 4. Countermeasures such as permanent anchors, stabilizing piles, grouting for ground reinforcement and soil nails are applied to ensure sufficient resistance against the active force of the slope.
